STUDY QUESTION: Does ambient air pollution affect fecundability?
Introduction
Air pollution is a major environmental risk factor for poor health, and is robustly associated with cardiovascular morbidity and mortality (Langrish et al., 2012; Shah et al., 2015) . Air pollution has also been associated with human reproductive and perinatal outcomes, including increased risks of stillbirth (Siddika et al., 2016) , preterm birth (Stieb et al., 2012) and low birthweight (Pedersen et al., 2013) . Fecundability is the probability per menstrual cycle that a couple engaging in unprotected sexual intercourse will conceive (Weinstein and Stark, 1994) , and represents an underlying biological capacity for reproduction. Although environmental pollutants are ubiquitous, the effects of environmental pollutants on fecundability are little understood. Several environmental pollutants have demonstrated some suggestion of association with couple fecundability, including polychlorinated biphenyls and organochlorine pesticides .
Air pollution may affect reproduction through increases in inflammation and oxidative stress (Chin, 2015) , leading to disruption of the endocrine system, reduction in semen quality and changes in the uterine milieu (Checa Vizcaino et al., 2016) . Animal studies have demonstrated an association between pregestational air pollution exposure and longer estrus, lower ovarian reserve and decreased fertility in mice (Veras et al., 2009) . However, human studies of the association between air pollution and fecundability have been sparse and inconclusive (Frutos et al., 2015; Checa Vizcaino et al., 2016) . Of four studies investigating the association between air pollution and fecundability in the general population, three suggested an adverse association between several criteria air pollutants and fecundability, although they were limited by reliance on stationary air monitoring, which does not account for local variation in air pollution, leading to exposure misclassification (Dejmek et al., 2000; Nieuwenhuijsen et al., 2014; Mahalingaiah et al., 2016; Slama et al., 2013) . Furthermore, they employed either retrospective or ecological designs. Prior research by our team has shown an association between distance to roadway and fecundability, with each 200 meter greater distance from roadway associated with a 3% greater menstrual cycle-specific odds of pregnancy (95% CI 1.01, 1.06). These findings suggest traffic-related air pollution may be associated with fecundability, although other environmental and individual-level factors that may be associated with distance to roadway, such as exposure to ambient noise, need to be taken into consideration .
As air pollution may influence fecundability through several mechanisms, there may be multiple windows of exposure associated with critical stages of hormonal variability. These include exposure during prior menstrual cycles in relation to hormonal changes and later growth of the endometrium, exposure during the proliferative phase in relation to ovulation (Mlynarcikova et al., 2009) , and exposure during the secretory phase in relation to implantation (Gellersen et al., 2007) . Prior studies have not evaluated these finer windows of exposure in relation to the menstrual cycle, and have instead evaluated either longterm chronic exposure or cycle-averaged windows of exposure based on retrospective self-report (Dejmek et al., 2000; Nieuwenhuijsen et al., 2014; Mahalingaiah et al., 2016; Slama et al., 2013) .
To address the limitations of prior studies, we evaluated the association of both time-varying cycle average and acute exposure to air pollution with fecundability in a prospective time-to-pregnancy cohort study. We hypothesized that higher exposure to ambient air pollutants in the cycle prior to and the proliferative phase during an observed cycle, as well as during sensitive acute windows of an observed cycle, would be associated with diminished fecundability.
Materials and Methods
The Longitudinal Investigation of Fertility and the Environment (LIFE) Study was conducted between 2005-2009 among 501 couples in Michigan (n = 104) and Texas (n = 397) with presumed exposure to persistent organic pollutants, as fully described elsewhere (Buck Louis et al., 2011) . Couples were eligible to participate if: (i) they were married or in a committed relationship, (ii) female partners were aged 18-40 and male partners 18+ years, (iii) they were able to communicate in English or Spanish, (iv) they were not off contraception for >2 menstrual cycles prior to enrollment, (v) they did not have physician diagnosed infertility and (vi) female partners had menstrual cycles between 21 and 42 days and no contraceptive hormonal injections in the previous 12 months. During the baseline visit, female partners were instructed in the use of digital home pregnancy tests (Clearblue ® Easy, Clearblue, Geneva, Switzerland), with demonstrated sensitivity for detecting ≥25 mIU/mL of human chorionic gonadotropin (Cole et al., 2004) , and a fertility monitor (Clearblue ® Easy, Clearblue,
Geneva, Switzerland), demonstrated to detect ovulation in 91% of women undergoing the gold standard of vaginal ultrasonography (Behre et al., 2000) . All women had a pregnancy test at baseline to ensure they were not already pregnant. Couples were followed until pregnancy or up to one year of actively trying to become pregnant. This study was approved by the institutional review boards for all collaborating institutions, and couples provided written informed consent.
Time-to-pregnancy
Menstrual cycles were first defined by applying an algorithm to distinguish menstrual bleeding from episodic bleeding, which required a bleeding duration of 2+ days with increasing intensity (Buck ). Menstrual cycle length was then calculated as beginning on the first day of menses to the last day before onset of bleeding in the next cycle. Date of ovulation for each observed cycle was determined by the fertility monitor which separated the proliferative phase of the menstrual cycle (first day of menses to ovulation) from the secretory phase (ovulation to start of menses in the next cycle). Couples could have up to two unobserved cycles of attempting pregnancy prior to enrollment, and for most couples the enrollment cycle was not fully observed and the ovulation date not assessed. Fecundability was assessed as number of self-reported and observed menstrual cycles required for a couple to achieve pregnancy or to be censored. Of those not achieving pregnancy, 53 were censored after 12 months of follow-up and 100 exited the study before 12 months. Couples contributed a total of 2360 observed cycles for the time-varying cycle-average analysis and 1897 for the acute analysis. (Chen et al., 2014) . To estimate residential exposure to ambient air pollution, each couple's residential address was geocoded using ArcGIS software (Redlands, CA). Mean daily exposure to the criteria air pollutants and constituents were calculated for each couple for all days in which they were enrolled in the study and for 30-60 days prior to enrollment (for couples attempting pregnancy for 0-1 months prior to enrollment [409, 81.8%] and for 2 months prior to enrollment [91, 18 .2%], respectively). One couple's address could not be geocoded, leaving 500 couples available for analyses.
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Time-varying cycle-average windows of exposure
For time-varying cycle-average exposure windows, two periods of exposure were assessed: (i) mean air pollution exposure during the cycle prior to the observed cycle, and (ii) mean air pollution exposure during the proliferative phase (Days 1-10) of the observed cycle (Fig. 1) . These windows are comparable to those investigated in prior research, which has focused on either chronic or cycle-average windows of exposure.
Acute windows of exposure
For acute windows of exposure, mean daily air pollution exposure was calculated for sensitive windows of hormonal variability of each observed cycle (range: 5 days before to 10 days following ovulation). These windows encompass potential short-term effects of air pollution on folliculogenesis, formation of the blastocyst and decidualization of the endometrium, which may be masked in longer-term averaged exposure windows (Wilcox et al., 1999) .
Covariates
At the baseline visit, information on female partner age (continuous), parity conditional on gravidity (nulligravous, gravous/nulliparous and parous), race/ethnicity (Latino, non-Latino white, non-Latino black and other race/ ethnicity), household income (<$40 000, $40 000-<$70 000, $70 000-<$100 000 and ≥$100 000) and education (≤high school, some college and ≥college graduate) was collected through self-report. Anthropometric measurements included measured height and weight using standardized equipment for the estimation of body mass index (BMI; <25 kg/m 2 , 25-<30 kg/m 2 and ≥30 kg/m 2 ). Serum cotinine concentration was used to define active cigarette smoking status (≥40.35 vs. <40.35 ng/mL) (Benowitz et al., 2009) . Study site was evaluated as Michigan vs. Texas.
Statistical analysis
A total of 98 (4.2%) cycles were imputed due to implausible length of the entry or last cycle of observation with no hCG pregnancy detection given a woman's other cycle lengths. Additionally, 46 couples were missing information on ovulation date (n = 61; 3.2% of cycles), 3 on parity, 1 on BMI, 12 on cotinine, 3 on race/ethnicity, 4 on education and 10 on household income. To impute plausible values for extreme cycle lengths and missing information on ovulation and covariates, multiple imputation using the fully conditional specification method for non-monotone missing data with predictive mean matching was implemented to generate 20 imputed datasets.
Descriptive statistics were summarized as counts and percentages for categorical variables or as means and standard deviations for continuous variables, with the exception of air pollutants, which were summarized using the median and interquartile range. Differences in distribution of variables across groups were assessed by Student's t-test or the Wilcoxon rank sum test for continuous variables, and by Pearson's chi-square or Fisher's exact test for categorical variables. To assess correlations across air pollutants, Pearson product-moment correlation coefficients were calculated for mean cycle pollutant levels (first observed cycle) and mean daily pollutant levels (5 days prior to ovulation in the first observed cycle).
Discrete-time survival analysis was used to model the association between ambient air pollutant levels and fecundability. The effect estimate for the discrete-time survival model is the fecundability odds ratio (FOR). An FOR > 1 indicates a shorter time-to-pregnancy, while an FOR < 1 indicates a longer time-to-pregnancy. Survival models accounted for left truncation or time off contraception before enrollment, and censoring was assumed to be non-informative since we are unaware of empirical evidence suggesting an association with air pollution.
Air pollutant levels were standardized by modeling change in interquartile range for each pollutant and the model updated the cycle-specific exposure for each observed cycle. We used multipollutant models in our primary analyses but also evaluated single-pollutant models. For the criteria air pollutants, multipollutant models mutually adjusted for SO 2 , O 3 , NO X , Figure 1 Time-varying cycle average and acute air pollution exposure windows for a hypothetical couple followed for three menstrual cycles after enrollment until pregnancy in the LIFE Study (2005) (2006) (2007) (2008) (2009) . Time-varying cycle-average windows include the cycle before and the proliferative phase during an observed cycle. Acute days range from 5 days before to 10 days following ovulation during an observed cycle. CO, PM 10 and PM 2.5 . For particulate constituents, multipollutant models adjusted for each particulate constituent and PM 2.5 . We a priori chose to adjust for site (Michigan vs. Texas), due to the association of site with fecundability in prior analyses , as well as maternal age, race/ethnicity, BMI, parity, smoking status, household income and education, due to their association with fecundability and inclusion in prior studies (Dejmek et al., 2000; Mahalingaiah et al., 2016; Slama et al., 2013) .
To address potential unmeasured area-level confounding, such as by neighborhood socioeconomic status, a secondary analysis simulated a confounder negatively correlated with PM 10 at 6 days post ovulation (r = −0.1 to −0.9) and with a strength of association with fecundability 2-, 3-and 4-times the association of PM 10 and fecundability. Each of the 27 confounding scenarios was simulated 1000 times. Additionally, to assess whether selection bias due to the exclusion of the 60 couples who became pregnant or withdrew after the entry cycle in the acute analyses may have influenced results, we conducted a secondary analysis setting ovulation date for the entry cycle to 14 days prior to either the start of the next menstrual cycle or positive pregnancy test (463 entry cycles). Analyses were completed in SAS version 9.4 (Cary, NC) and figures and simulations in R 3.3.1 (Vienna, Austria). Table I shows descriptive statistics for the analytic cohorts for timevarying cycle-average air pollution windows (n = 500) and acute daily windows (n = 440). For both samples, the mean age of female participants was 30 years. Most women were non-Hispanic white and were college graduates. Only 11% of households reported an income less than $40 000 per year, while 34% reported an income over $100 000 per year. Observed air pollution levels were low to moderate (Table II) Table SI) . A total of 347 couples achieved pregnancy (69.4%). Participants who withdrew from the study did not substantially differ from those who completed the study, except they were more likely to have a lower educational attainment and lower household income (Buck Louis et al., 2011) .
Results
Tables III and IV present multipollutant model findings. For timevarying cycle-specific air pollutant exposure during the cycle prior to or the follicular phase during the observed cycle, no significant associations were found between mean ambient air pollutant level and fecundability for either criteria air pollutants or particulate constituents. Results were similar in single-pollutant models (data not shown) and unadjusted models (Supplementary Tables SII and SIII) . However, for the proliferative phase, we did observe a general trend of increased O 3 and PM 2.5 with lower fecundability (FOR 0.91, 95% CI 0.75, 1.10 and FOR 0.92, 95% CI 0.78, 1.10) and increased CO and PM 10 with higher fecundability (FOR 1.19, 95% CI 0.91, 1.56 and FOR 1.13, 95% CI 0.89, 1.43), although estimates were imprecise.
For acute average daily exposure to air pollutants and fecundability, we observed a general trend of association between greater O 3 , NO X and elemental carbon in the 5 days prior to ovulation and lower fecundability. An interquartile increase in O 3 5 days and 1 day prior to ovulation was associated with 13% and 17% lower fecundability (FOR 0.87, 95% confidence interval (CI): 0.76, 0.99 and FOR 0.83; 95% CI: 0.72, 0.96, respectively; Fig. 2 ). Conversely, we observed a trend association of higher CO, ammonium and sulfate prior to ovulation with higher fecundability. An interquartile increase in sulfate 3 days prior to ovulation was associated with greater fecundability (FOR 1.12, 95% CI: 1.01, 1.25; Fig. 3 ). Ammonium demonstrated a similar trend, with the suggestion of an association with greater fecundability 2 and 3 days prior to ovulation. Findings were similar for single-pollutant and unadjusted models.
For mean daily exposure during the secretory phase of the menstrual cycle, a negative association was observed between O 3 , PM 2.5 , elemental carbon and nitrate concentrations around implantation (7-9 Additionally excludes 60 participants who achieved pregnancy or were censored at the end of the entry cycle (ovulation date not assessed).
after ovulation) and fecundability. An interquartile increase in NO X 8 days following ovulation was associated with 16% lower fecundability (FOR 0.84, 95% CI: 0.71, 0.99). Conversely, a positive association was observed for carbon monoxide, PM 10 , ammonium and sulfate concentrations around implantation and fecundability. An interquartile increase in PM 10 6 days following ovulation was associated with 25% greater fecundability (FOR 1.25, 95% CI: 1.01, 1.54). Findings were similar in single-pollutant models and unadjusted models. In a secondary analysis evaluating whether the results observed for PM 10 6 days post ovulation and fecundability may have been due to an unmeasured confounder, we found that a confounder would need to be associated with fecundability with an odds ratio four times that of PM 10 and correlated with PM 10 at ρ = −0.9 for the association between PM 10 and fecundability to become null (OR = 1.00) (Supplementary Table SIV) .
In a secondary analysis setting ovulation date in the entry cycle to 14 days prior to the start of the next menstrual period or date of positive pregnancy test (Supplementary Tables SV and SVI) , the associations between O 3 1 day prior to ovulation and NO X 8 days following ovulation were moderately attenuated (FOR 0.88, 95% CI: 0.78, 1.00 and FOR 0.88, 95% CI: 0.76, 1.02, respectively). Other estimates remained similar.
Discussion
In the first prospective cohort study to assess air pollution among couples enrolled prospectively with longitudinal measurement of fecundability, we found little evidence that air pollution at moderate concentrations is associated with fecundability. We did observe associations between acute exposure to O 3 prior to ovulation and NO X around implantation and a 13-17% decrement in fecundability. Conversely, sulfate prior to ovulation and PM 10 around implantation were associated with 12% and 25% greater fecundability, respectively. The suggestion of a short-term effect of air pollution on fecundability is consistent with prior research on pregnancy complications (Stieb et al., 2012; Pedersen et al., 2013; Siddika et al., 2016) and myocardial infarction (Langrish et al., 2012) .
Our findings are similar to those of the only other prospective study to investigate chronic exposure to air pollutants and infertility. 2 , O 3 , NO X , CO, PM 10 and PM 2.5 ), site (Michigan vs. Texas), maternal age (years), race/ethnicity (Latino, non-Latino white, non-Latino black or other race/ethnicity), body mass index (kg/m 2 ), parity conditional on gravidity (nulligravous, gravous/nulliparous and parous), education (high school or less, some college and college graduate or greater), household income (<$40 000, $40-< $70 000, $70 000-< $100 000 and ≥$100 000) and smoking status (serum cotinine ≥40.35 vs. <40.35 ng/mL). b Mean air pollution level during the cycle prior to the observed cycle (prior cycle) and the first 10 days of the observed cycle (proliferative phase). c Mean daily air pollution level from 5 days before to 10 days following ovulation in the observed cycle. Excludes 60 participants who achieved pregnancy or were censored at the end of the entry cycle (ovulation date not assessed).
between 2-and 4-year mean exposure to coarse or fine particulates and infertility (time-to-pregnancy >12 months) among 36,294 participants of whom 2508 (7%) reported infertility (Mahalingaiah et al., 2016) . The authors did, however, find an association between living <199 meters from a major roadway and a 10% greater risk of overall infertility (HR 1.1, 95% CI 1.02, 1.20), which is similar to findings in the LIFE study . Although these findings are suggestive of an association between traffic-related air pollution and fecundability, the observed associations may be due to additional pathways, including exposure to noise, stress related to traffic congestion and differences in the housing and neighborhood environment.
Other previous studies have reported associations between SO 2 , NO 2 , and both fine and coarse particulate matter with couple infertility. In a retrospective cohort study in Teplice, Czech Republic among 2585 couples achieving a live birth, Dejmek et al. found that SO 2 >40 μg/m 3 as compared to <40 μg/m 3 in the two months prior to the first unprotected menstrual cycle was associated with approximately 50% lower odds of pregnancy in the first unprotected cycle (Dejmek et al., 2000) . In a similar study in Teplice among 1916 couples achieving live birth, Slama et al. found that 10 μg/m 3 higher PM 2.5 in the second month prior to conception and 10 μg/m 3 higher NO 2 in the first month prior to conception were associated with a 14% and 29% reduction in fecundability, respectively, when relying on retrospectively reported time-to-pregnancy (Slama et al., 2013) . In an ecological study in Barcelona from 2001 to 2012, Nieuwenhuijsen et al.
found an association between coarse particulate matter and a 12% lower population-level incidence rate ratio of fertility (Nieuwenhuijsen et al., 2014) . Although suggestive, these previous studies had several limitations, including potential errors in recall and selection of couples with proven fertility in the retrospective cohort studies and confounding by area-level risk factors in the ecological study. As our mean levels of SO 2 and NO 2 in the first observed cycle ( , respectively) (Dejmek et al., 2000; Slama et al., 2013) , it is also possible that there is a threshold or non-linear association for the chronic effects of these pollutants with fecundability that we were unable to detect.
Prior work in the LIFE Study has shown that greater distance from a major roadway is associated with a greater odds of pregnancy (FOR ), parity conditional on gravidity (nulligravous, gravous/nulliparous and parous), education (high school or less, some college and college graduate or greater), household income (<$40 000, $40-< $70 000, $70 000-< $100 000 and ≥$100 000) and smoking status (serum cotinine ≥40.35 vs. <40.35 ng/mL). Mean air pollution level during the cycle prior to the observed cycle (prior cycle) and the first 10 days of the observed cycle (prolierative phase). c Mean daily air pollution level from 5 days before to 10 days following ovulation in the observed cycle. Excludes 60 participants who achieved pregnancy or were censored at the end of the entry cycle (ovulation date not assessed).
1.03, 95% CI 1.01, 1.06 per 200 meter greater distance) . While this suggests traffic-related air pollution exposure may be associated with fecundability, there are other environmental and individual-level factors that may also be associated with distance from roadway. Although we observed an effect for NO X , a trafficrelated pollutant, around the time of implantation, an association of cycle-average exposure to NO X with fecundability was not observed. Our lack of findings for cycle-averaged exposures may be due to differing routes of exposure, precision of measurement of the longer-term exposure window of interest (chronic proximity to traffic compared to shorter cycle-average exposures) or assessment of an air mixture based on traffic verses individual air pollutant species. Our findings of a potential association between acute exposure to air pollution during sensitive windows of the observed cycle and fecundability are novel. Studies have found acute associations of O 3 with premature rupture of membranes in the five hours preceding the event , and CO, SO 2 , NO 2 and PM 2.5 with stillbirth in the days preceding the event (Faiz et al., 2013) . Air pollution may have an acute effect on fecundability through short-term changes in inflammatory and oxidative stress pathways affecting meiotic maturation of the oocyte immediately preceding ovulation (Mlynarcikova et al., 2009 ) and decidualization and endometrial receptivity (Gellersen et al., 2007) .
Although we observed associations between O 3 preceding ovulation and NO X during implantation and diminished fecundability, we additionally found associations between several air pollutants and enhanced fecundability during critical windows of the observed cycle. These associations were counter to our hypotheses and are unlikely causal given the wealth of information on the physiological effects of air pollution. Our simulation results suggest they are unlikely to be due to confounding by a single area-level risk factor, but it is possible that these associations may be due to sampling variability or confounding by unmeasured co-pollutants. Disentangling the independent association of a given pollutant with fecundability given the interdependency of air pollutants is an important point for further study.
A major strength of this study is the use of the modified CMAQ models, which allows an estimation of both acute and time-varying cycle-average levels of a wide range of the criteria air pollutants and constituents of particulate matter, for which national coverage with ambient air monitoring varies considerably. However, some misclassification of ambient air pollution levels is likely but with no systematic direction relative to fecundability. Although the CMAQ captured a relatively precise estimate of residential exposure to ambient air pollution as compared to ambient air monitoring, estimates do not account for hours where participants were away from home as well as differences between indoor and outdoor ambient air pollutant levels.
A prospective time-to-pregnancy study is the gold standard design for estimating fecundability, and the measurement of ovulation with home fertility kits that measure luteinizing hormone allowed an investigation of acute windows of exposure around ovulation and implantation which other studies have been unable to assess (Howards et al., 2009) . Despite being one of the largest couple-based prospective cohorts, the size of our cohort precluded in-depth analysis of nonlinear relations and cautious interpretation of our findings is needed in light of the observational study design and potential or residual confounding including the role of other environmental exposures and the number of comparisons made without adjustment. In our analyses of acute exposure, we excluded 60 couples who became pregnant or were censored after their entry cycle, due to lack of data on ovulation. In a secondary analysis including these couples and estimating date of ovulation for the entry cycle, the associations between O 3 prior to ovulation and NO X during implantation were moderately attenuated. Our study may not be broadly generalizable for two reasons: (i) our cohort included predominately non-Latino white participants of moderate to high socioeconomic status, among whom the effect of air pollution on reproductive outcomes may differ from other groups, and (ii) due to the moderate concentrations and variability of pollutants in the regions included in the study, findings may not be generalizable to regions with higher air pollution levels.
Still, this study is the first to evaluate associations of air pollution and fecundability in a time-to-pregnancy cohort. We found no association between time-varying cycle-average exposure to air pollutants and fecundability, consistent with findings from the only other prospective cohort study to evaluate air pollution and fertility in the US. While our findings are reassuring in general, they do suggest a potential role for acute exposures to several ambient air pollutants during sensitive windows of an observed cycle in relation to fecundability. Additional investigation of the potential acute effects of air pollution on critical events during the menstrual cycle merits further attention.
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